The magnetic and dielectric properties ofåkermanite Sr 2 CoSi 2 O 7 single crystals in high magnetic fields were investigated. We have observed finite induced electric polarization along the c axis in high fields, wherein all Co spins were forcibly aligned to the magnetic field direction. Existence of the induced polarization in the spin-polarized state accompanied with the finite slope in the magnetization curve suggests the possible role of the orbital angular momenta in the excited states as its microscopic origin. The emergence of the field-induced polarization without particular magnetic order can be regarded as the magnetoelectric effects of the second order from the symmetry point of view. A low magnetic field-driven electric polarization flip induced by a rotating field, even at room temperature, has been successfully demonstrated.
Magnetoelectric multiferroic materials have attracted both experimental and theoretical interest from the point of view of fundamental science as well as for the possible applications of their giant magnetoelectric effects [1] [2] [3] . In these materials, strong coupling or crosscorrelation between magnetism and dielectricity is often realized through a magneticallyinduced electric polarization, which is well explained by several microscopic mechanisms 3 .
The generally accepted model is the spin current mechanism 4 . In materials with a cycloidal spin structure (e.g., TbMnO 3 5 ), electric polarization is induced by this spin current mechanism, which predicts the electric polarization P ∝ i,j e ij × (S i × S j ), with S i and S j being neighboring spins connected by a unit vector e ij . Another origin of magnetically-induced ferroelectricity is the exchange striction mechanism. In materials with multiple inequivalent magnetic sites, even a collinear spin structure may induce ferroelectricity via magnetostriction caused by the symmetric exchange interaction (S i · S j ) 6 . This type of ferroelectricity is realized in highly distorted orthorhombic RMnO 3 compounds (R=Y, Ho, ..., Lu) with with space group P 42 1 m at room temperature, and does not show a structural phase transition below 300 K. As seen from the schematic crystal structure illustrated in Fig. 1(a A single crystalline sample of Sr 2 CoSi 2 O 7 was grown using the floating zone method.
Through the x-ray diffraction measurements at room temperature, we confirmed that the sample had a tetragonal P 42 1 m structure without any impurity phase. All specimens used were cut along the crystallographic principal axes into plate-like shapes by means of the x-ray back-reflection Laue technique. The magnetization was measured using a commercial apparatus (Quantum Design, PPMS). The magnetic field-induced electric polarizations were obtained by integration of the pyroelectric currents in the temperature scans at constant fields or the displacement currents in the magnetic field scans at constant temperatures.
Pulsed magnetic fields up to 55 T were generated with a duration time of 36 ms, using a nondestructive magnet in the International MegaGauss Science Laboratory of the ISSP at the University of Tokyo. The magnetization in pulsed magnetic fields was measured via the induction method, using coaxial pick-up coils.
The temperature dependence of the electric polarization along the c axis (P c ) of
in a magnetic field of 8 T along various directions is shown in Fig. 1 Inåkermanite materials, electric polarization emerges even without poling electric fields, which is a unique feature of their multiferroicity 13, 14 . Therefore, the pyroelectric (displacement) current was measured, without a poling electric field. By applying the magnetic field along the [110] direction, the sign of the electric polarization reversed from the +c direction, while the electric polarization was almost zero if the magnetic field was applied along the
[100] direction. That is, an electric polarization reversal process was induced by a 90-degree rotation of the magnetic field. On the other hand, the electric polarization can be sustained even at high temperature above T N without magnetic order. In this material, therefore, magnetic field-induced electric polarization is expected to be observed even at temperatures far above the magnetic transition. In fact, a small but finite electric polarization is discerned even at 300 K, although it is hard to see in Fig. 3(b) . The polarization data obtained for the paramagnetic phase at all temperatures are scaled with the square of the induced magnetization and nearly proportional to the square of the applied magnetic field. This behavior can in principle be explained as a magnetoelectric response of second order in the magnetic field, which is called the paramagnetoelectric effect 21 . It is defined by the nonzero components of the tensor β ijk :
In the case of Sr 2 CoSi 2 O 7 with the point group 42m, β 312 is nonzero. Therefore, P c is most effectively induced by the applying magnetic field along the [110] direction. According to Eq. (1), the angular dependence of P c by applying the magnetic field H 0 with the azimuthal angle φ in the (001) plane will be proportional to H 2 0 sin 2φ. This response supports our experimental results.
Next, the magnetoelectric response of Sr 2 CoSi 2 O 7 in low magnetic fields at room temperature is demonstrated. In order to realize a magnetic field-induced electric polarization at room temperature, electric polarization measurements were performed in a high-speed rotating magnetic field. By rotating the magnetic field at higher speeds, the electric polarization reversal process becomes faster, and the resultant displacement current becomes larger. Figure 4(d) shows the experimental configuration. The Nd-Fe-B permanent magnet was rotated around the sample by the motor to generate a rotating magnetic field within the (001) plane, and the displacement current flowing through the sample along the c axis was observed. The [100] component of the rotating magnetic field was probed using a pick-up coil. Figure 4 shows the time dependence of (a) the [100] component of the rotating magnetic field, (b) the displacement current I c , and (c) the electric polarization P c at room temperature. The current I c can be decomposed into two components having the same and half of the rotation period of the magnetic field. In Fig. 4(b) , the observed current data are marked by dots, and the solid line shows the fitting sine curve having half the period of rotation of the magnetic field. According to Eq. (1), P c can be expressed as P c ∝ sin 2φ. Consequently, the current component having half the rotation period of the magnetic field [solid line in Fig. 4(b) ] arises from the intrinsic change of the electric polarization. On the other hand, a small additional component having the same rotation period as the magnetic field is attributed to measurement noise, such as would be due to an induced current flowing through a lead wire. The time dependence of the electric polarization obtained by integration of the current component having the half period is shown in Fig. 4(c) . Thus, the magnetoelectric response in a low magnetic field has been successfully observed, even at room temperature.
The phenomenon above, in which the current was induced by a change in the direction of the applied magnetic field, can be regarded as an effect similar to conventional electromagnetic induction.
In summary, the magnetic and dielectric properties of a Sr 17 Assuming that the sample forms a single magnetic domain, a finite electric polarization would emerge even in the absence of a magnetic field 13 . However, macroscopic electric polarization at zero field does not appear due to the effect of quantum fluctuation 22 .
18 At the time of writing our previous paper 16 , the mechanism of the magnetic-field induced electric 
